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Abstract 
One-dimensional J aggregates present narrow and intense absorption and emission spectra which 
are interesting for photonics applications. Matrix immobilization of the aggregates, as required 
for most device architectures, has recently been shown to induce a non-Gaussian (Lévy type) 
defect distribution with heavy tails, expected to influence exciton relaxation. Here we perform 
two-dimensional electronic spectroscopy (2DES) in one-dimensional J aggregates of the cyanine 
dye TDBC, immobilized in a gel matrix, and we quantitatively model 2DES maps by non-linear 
optimization coupled to quantum mechanical calculations of the transient excitonic response. We 
find that immobilization causes strongly non-Gaussian off-diagonal disorder, leading to a 
segmentation of the chains. Inter-segmental exciton transfer is found to proceed on the 
picosecond time scale, causing a long-lasting excitation memory. These findings can be used to 
inform the design of optoelectronic devices based on J aggregates, as they allow for control of 
exciton properties by disorder management.  
 
J aggregates are arrangements of conjugated molecules whose  lowest energetic optical 
transitions from the electronic ground state are excitonically coupled such that intense and red-
shifted absorption and emission bands arise, and the coupling to intramolecular vibronic modes 
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is reduced. 1, 2, 3, 4, 5, 6 These properties of J aggregates open up a broad range of applications to 
biosensors,7 photoreceptors,8 dye-sensitized solar cells9 and, combined with optical cavities10 and 
quantum dots, to the study of light harvesting and energy transfer (ET).11 Owing to the low 
dimensionality, disorder effects have a profound influence on the optical as well as transport 
properties of excitons in J aggregates. Disorder leads to fluctuations in the monomer transition 
energies (diagonal disorder) as well as in the coupling to the neighboring monomers (off-
diagonal disorder). 12,13,14,15,16 In homogenous media, a normal distribution of the respective 
matrix elements (“Gaussian disorder”) is often a good approximation to describe J aggregates.17 
Optoelectronic devices typically require the J aggregates to be immobilized on a surface or in an 
inert matrix. This immobilization adds a finite number of very specific electrostatic interactions 
causing non-Gaussian static disorder. It has been predicted that so-called “heavy-tailed Lévy 
distributions” can have a drastic effect on the exciton properties of J aggregates,18, 19, 20 Recently, 
the existence of non-Gaussian distributions has been demonstrated in isolated 1D chains of 
perylene bisimide (PBI) by the observation of a red-shifted emission in single molecule 
spectroscopy.21 In contrast, Sorokin and co-workers ascribed red emission in Pseudo - 
IsoCyanine (PIC) aggregates in a layer-by-layer grown film to exciton self-localization, rejecting 
a contribution from non-Gaussian disorder.22 Understanding the nature of disorder in J 
aggregates is important not only from a fundamental viewpoint but also for applications for, e.g.,  
“defect management” for the optimization of optoelectronic devices, as recently suggested in 
ref.[21] . 
An unambiguous assessment of the action of non-Gaussian static disorder on exciton dynamics 
can only be obtained in the time domain. Two-dimensional electronic spectroscopy (2DES) is 
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ideally suited for this task, since it allows measuring the full third-order nonlinear optical 
response of the system under study, providing simultaneously high temporal and spectral 
resolution. 23, 24 PIC J aggregates in homogeneous medium have been studied by 2DES and 
qualitatively modeled by a Frenkel Hamiltonian and modified Redfield theory. 25 However, to 
understand and possibly control the effect of non-Gaussian static disorder on exciton dynamics, a 
quantitative modeling of 2DES maps from immobilized J aggregates is necessary but has not 
been performed so far. 
Quantitative modeling of transient absorption data by global fitting26 is successful whenever the 
interplay of a few well-distinguished excited states is studied. 27,28  This approach is not directly 
applicable to J aggregates, where exciton relaxation must be described in a continuum of states 
whose spectral properties can only be obtained by appropriate quantum mechanical models, 
causing a severe penalty in computational effort.25,29,30  Including such a calculation into an 
iterative non-linear optimization scheme is thus prohibitive, especially when ballistic (coherent) 
and stochastic (incoherent, diffusive) exciton transport need to be distinguished.31 Moreover, 
recently the validity of modified Redfield theory for molecular aggregates was challenged.32,33  
Here we perform 2DES on one-dimensional J aggregates of the cyanine dye TDBC immobilized 
in a gel matrix and demonstrate a novel procedure for the quantitative modeling of the 2DES 
maps by non-linear optimization. We first use quantum mechanical models to calculate the 
excited state spectra of the continuum of exciton states. In a second step, we use these spectra as 
basis states in a global fitting scheme. The decisive reduction in calculation time is thus achieved 
by taking exciton dynamics out of the quantum mechanical calculations. We find that non-
Gaussian static off-diagonal disorder is able to reproduce both linear absorption spectra and 
 5 
2DES maps; the concomitant segmentation of the 1D chain is confirmed by the observation of 
slow, diffusive inter-segmental exciton transport. 
 
Figure 1. (a) Ground state absorption spectrum (black symbols), best fit assuming only Gaussian 
diagonal disorder (red dashed line), both diagonal and off-diagonal Gaussian disorder (green 
line) and best fit assuming Gaussian diagonal disorder and heavy tailed Levy type off-diagonal 
disorder (blue line).  b) and c) Diagonal and off-diagonal matrix elements, respectively, of the 
Frenkel exciton Hamiltonian whose expression is given in panel b) for a typical disorder 
realization for the blue curve in panel a). In panel c), only the nearest – and next-nearest 
neighbor couplings are given (red and green squares, respectively).  
Figure 1a shows the ground state absorption (GSA) spectrum of TDBC aggregates in gel matrix, 
displaying a strongly asymmetric isolated band peaking at 2.11 eV. In TDBC J aggregates in 
water this band has been qualitatively modeled by a Frenkel exciton model, assuming 
uncorrelated Gaussian diagonal disorder.17 Our immobilized J aggregates show a significantly 
stronger asymmetry in the GSA spectrum than those of ref.[17]; Since immobilization is not 
expected to act on the vibronic coupling of the J aggregate band, we conjecture that this 
additional asymmetry derives from an additional contribution to exciton localization caused by 
immobilization of the one-dimensional chain. It is known that exciton localization causes an 
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energetic offset between the most strongly allowed fundamental exciton transition and higher 
energetic ones, which contribute up to 10% of the total oscillator strength of the J aggregate. If 
exciton localization is caused by Gaussian disorder, then the maximum achievable asymmetry is 
limited by inhomogeneous broadening of the resulting ensemble spectra (see Supporting 
Information). 
Disorder 
model 
Lorentzian 
width Λ (meV) 
Gaussian 
width (meV) 
Error 
squared 
Number of 
defects 
Diag.: Gauss 
Off-diag.: 
None 
12.8(7) 20(2) 0.66 0 
Diag.: Gauss; 
 Off-diag.: 
Gauss 
6.8(3) 29.5(2) 0.43 0 
Diag.: Gauss 
Off-diag.: 
Lévy 
7.74(4) 22.46(7) 0.02 7 
Table 1. Fit parameters for the fits in Fig. 1a: width of the Lorentzian lineshape for each exciton 
state, width of the Gaussian distribution of εn , see Fig. 1b. Additionally, the squared error is 
given for the best fit and the number of traps causing a Lévy type distribution. Values in brackets 
are standard deviations of the last digit. 
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We achieved a nearly perfect fit of the GSA spectrum (solid blue line in Fig. 1a) by assuming 
topological defects, statistically distributed along the aggregate chain, that reduce the inter-site 
coupling and thus introduce off-diagonal disorder in addition to Gaussian diagonal disorder. 
Table 1 summarizes the best fit parameters and the corresponding squared error, showing that 
Lévy-type off-diagonal disorder yields a squared error that is more than one order of magnitude 
lower than any other disorder model that we applied. The distribution of site energies εn and 
coupling parameters Jnm is shown in Fig. 1 b and c, respectively, for a typical realization of the 
resulting Hamiltonian. As shown in Fig. 1c, off-diagonal disorder is non-Gaussian and heavy 
tailed (Lévy type) in the sense that we have a small number of defects with very low coupling 
strength besides a large number of identical “ideal” coupling strengths. We validated this result 
by excluding the influence of edge effects of the finite aggregate size and by including non-
Gaussian diagonal disorder in the calculations (see Supporting Information, Fig. S2). This allows 
us to describe disorder in immobilized TDBC aggregates as Gaussian on the diagonal, caused 
e.g. by slow thermally allowed torsional modes, while the strongly non-Gaussian distribution of 
off-diagonal values points to very specific, localized defects, caused by  interactions between 
TDBC and the host, or by a folding of the chains.  
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 Figure 2.Normalized experimental 2DES maps at waiting times of t2 = 20, 120 and 850 fs 
(panel a b, and c, respectively) and corresponding simulations (panel d, e and f, respectively). In 
panels g and h, vertical intersections through panels a and c, respectively, are given as symbols, 
while vertical intersections through panels d and f, respectively, are given as lines. Excitation 
energies ω1 are color coded as given in panel h. Orange vertical lines indicate the detection 
energy used to trace the excitation memory in the time domain. Panel i: Normalized 2DES signal 
at ω3 = 2.125 eV for excitation energies ω1 color coded as in panel h. 
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Figure 2 a, b, c shows a typical set of 2DES maps for waiting times t2 = 20, 120, and 850 fs, 
respectively, as a function of excitation frequency 1 and detection frequency 3. The 2DES 
maps display the typical features of J aggregates,25,17 namely a strong positive differential 
transmission (T/T) peak composed of contributions from photobleaching (PB) and stimulated 
emission (SE) close to the peak of the linear absorption spectrum (compare with Fig. 1A), and a 
negative photoinduced absorption (PA) peak, slightly blue-shifted in the detection energy, which 
is due to transitions from the one- to the two-exciton band. At early times (Fig. 2a), the zero 
crossing line between PB/SE and PA is strongly diagonally elongated, showing that dephasing 
and exciton relaxation have not been completed yet.17, 25 Even after 850 fs, the zero crossing line 
is still not fully horizontal, which means that there is still significant excitation memory. To 
emphasize this observation, we show in Fig. 2g, h ΔT/T spectra (symbols), obtained as vertical 
intersections through the 2DES maps in Fig. 2a and c, respectively, and normalized to the PB 
maximum. At t2 = 20 fs (Fig. 2g), both depth and position of the PA band depend strongly on the 
excitation energy. For higher excitation energies, the PA band is shifted towards higher detection 
energies, which is caused by a larger relative contribution of higher energy exciton states, a clear 
sign of an excitation memory, that is, an exciton distribution that depends on the excitation 
energy ω1 even for t2 > 0. It is important to note that this excitation memory, albeit weaker, is still 
present at waiting times as long as 850 fs, see Fig. 2h. This means that in immobilized TDBC 
aggregates thermal equilibrium of the exciton population in the available density of states is only 
reached on the picosecond timescale. 
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Figure 3. Exciton density C(ω1, ωf, t2) (in arbitrary units) for two different waiting times t2 
(panels a, b), resulting from the global fits in fig.2, and numerical reproduction according to a 
dispersive rate equation model (Eq. 3, panels d and e). A scale bar is given in panel d) for the 
exciton density in arbitrary units, valid for panels a, b, c, and d.  
In order to visualize the dynamics of the loss of excitation memory, we plot the values of the 
normalized ΔT/T spectra at ω3 = 2.125 eV, slightly above the peak of the GSA spectrum (see 
orange vertical lines in Fig. 2g, h) as a function of waiting time t2.  For excitation energies below 
the GSA maximum, this value increases over time, a clear sign of uphill ET leading to a greater 
relative occupation of higher energetic excitons. For excitation energies higher than the GSA 
maximum, the value decreases over time, which is caused by energetically downhill ET. It is 
important to observe that detailed balance is not attained within our measured range of t2 times. 
Detailed balance would in fact lead to a convergence of the T/T values for all excitation 
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energies after long waiting times and thus to a loss of excitation memory, which is not achieved 
within our temporal observation window. 
We quantitatively model the 2DES maps by a global fitting scheme, minimizing the squared 
error between the experimental 2DES map and the simulated one which is calculated by 
∆𝑇
𝑇
(𝜔1, 𝑡2, 𝜔3) ≈ −∆𝐴(𝜔1, 𝑡2, 𝜔3) =  −𝑑𝑠 ∙ 𝐶(𝜔1, 𝑡2, 𝜔𝑓̅̅̅̅ ) ∙  𝜎(𝜔3, 𝜔𝑓̅̅̅̅ ).  (1) 
Herein, 𝑑𝑠 is the film thickness, 𝐶(𝜔1, 𝑡2, 𝜔𝑓̅̅̅̅ ) is the concentration of excitons in an eigen energy 
range with average 𝜔𝑓̅̅̅̅  at waiting time t2 after excitation of the aggregate with energy ω1 at time 
zero, and 𝜎(𝜔3, 𝜔𝑓̅̅̅̅ ) is the matrix of nonlinear transient absorption spectra (along the probe 
energy axis ω3) of excitons of average energy 𝜔𝑓̅̅̅̅    which is known from quantum mechanical 
simulations. The derivation of Eq. 1 is shown in the supporting information; note that the integral 
in Eq. S5 is replaced by the summing procedure inherent to matrix multiplication in Eq. 1. 
Nonlinear optimization of Eq. 1 (for details see supporting information) delivers the time-
dependent exciton dynamics  𝐶(𝜔1, 𝑡2, 𝜔𝑓̅̅̅̅ ) . The fits of the 2DES maps, shown in Fig. 2 d, e, 
and f (for the residuals see supporting information) and as lines in Fig. 2 g, h and i, are in very 
close agreement with the experimental data. The resulting exciton dynamics 𝐶(𝜔1, 𝑡2, 𝜔𝑓̅̅̅̅ ) is 
shown in Fig.3 a and b. For t2 = 20 fs (panel a) the maximum exciton density as function of 
excitation energy is diagonally elongated, showing that the excitons present at that early waiting 
time are still close to the respective excitation energies. This means that inter-segmental ET is 
not significantly active on very early time scales. The exciton distribution at t2 = 770 fs (panel b) 
is more independent on the excitation energy ω1, owing to the fact that, on this time scale, 
significant inter-segmental ET has occurred. However a closer inspection shows that excitation 
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memory is still significant.  Symbols in Fig 4a show the ratio 𝐶(𝜔1, 𝑡2, 𝜔𝑓̅̅̅̅ = 2.117 𝑒𝑉)/
𝐶(𝜔1, 𝑡2, 𝜔𝑓̅̅̅̅ = 2.112 𝑒𝑉). This ratio depends on the excitation energy ω1 and on the waiting 
time; even after long times the ratios are still different, demonstrating the persistence of an 
excitation memory. Note that downward ET is much faster than upward ET (compare green 
symbols to red and black ones, respectively). 
 
Figure 4. a) Dynamics of excitation memory loss. Different colors refer to different excitation 
energies, see legend. Symbols: from global fits to Fig.2; lines: from numerical reproductions 
according to Eq. 2. b): Transfer matrix K on a logarithmic color scale.  
 
 
Our final goal is to reproduce the dynamics of loss of excitation memory (the symbols in Fig. 3c) 
by a rate equation model. Using the discretized set of exciton states from Eq.1, the exciton 
dynamics can be described by a system of ordinary differential equations: 
𝑑𝐶(𝑡2)
𝑑𝑡
= 𝐾 ⋅ 𝐶(𝑡2)     (2) 
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where K is the transfer matrix in which each off-diagonal matrix element kf,i refers to the first 
order transfer rate constant between the initial exciton state i and the final exciton state f. 
Diagonal elements ki,i refer to the overall decay of the initial state i and are given by 𝑘𝑖,𝑖 =
∑ −𝑘𝑓,𝑖𝑓≠𝑖 . This model does not include relaxation to the ground state which occurs only on a 
much longer time scale than exciton equilibration. Exciton annihilation, on the other hand, has 
been shown for TDBC in water to occur even on sub-picosecond time scales.17 In our 
measurements on TDBC in gel matrix, we found that exciton annihilation can be neglected for 
the excitation fluences used in Fig. 2 (for details, see supporting information).   
Using Eq. 2 we achieved an excellent reproduction of the exciton distribution for all excitation 
energies, compare Fig.3 d to a and Fig.3 e to b, respectively. Fits for all waiting times are given 
in the Supporting Information. Most importantly, we are able to reproduce the dynamics of 
excitation memory loss without significant deviation, see solid curves in Fig. 4a. Figure 4b 
shows the transfer matrix K in a false color representation using a logarithmic color scale (see 
color bar).  Due to the multitude of free parameters, we expect substantial uncertainty in the 
single transfer matrix elements. For this reason, we focus our discussion only on those features 
which were observed in all transfer matrices that we obtained (see Supporting information part 
E). We generally observe, in Fig 4b as well as in Fig. S10, that the matrix elements for 
downward ET (found in the lower triangle) are typically orders of magnitude faster than those for 
upward ET (found in the upper left triangle This points to a strongly different inter-state coupling 
involved into both processes. Energetically downhill ET can be caused by on-segment relaxation 
of a hot exciton state, proceeding in less than 100 fs. On the other hand, energetically upward ET 
typically cannot proceed on-segment because the spacing of the excitonic levels is too large. 
Therefore upward ET typically involves inter-segment transfer steps which due to reduced 
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coupling are much slower; as Figure 4b shows, typical upward ET rate constants are in the range 
of 1 – 10 ps. These findings are in agreement with our picture of topological defects causing a 
hard segmentation of the one-dimensional chain, leading to a clear distinction between intra-
segment and inter-segmental ET processes This distinction – and the concomitant vastly different 
exciton transfer constants - has recently been predicted theoretically by a model in which a heavy 
tailed Lévy distribution has been assumed for the diagonal disorder.3420 
These findings are relevant for the optimization of optoelectronic devices based on J aggregates. 
The absence of non-Gaussian contributions to the diagonal disorder, even when the aggregates 
are immobilized, guarantees the motional narrowing causing the sharp and strongly allowed J 
aggregate band. The observed strongly non-Gaussian off-diagonal disorder, on the other hand, 
causes a hard segmentation which presents a handle for device technology optimizing exciton 
motion. Segmentation preserves exciton position and energy, thus preventing their diffusion 
towards deactivation centers. However, care must be taken that the segments are not too short, or 
else the positive effect of motional narrowing of the J aggregate bands would be reduced. In 
aqueous solutions of TDBC aggregates, an exciton delocalization length of about 14 units has 
been found resulting from pure Gaussian disorder;17 therefore the average segment length of 
about 12 units that we found in Fig.1, seems appropriate to match the advantages of infinite J 
aggregates (narrow and strong absorption and emission bands) with those of isolated oligomers 
(high definition of excited states and relaxation pathways). A further possibility to engineer J 
aggregate properties would be to deliberately cause segmentation into short and long segments, 
allowing for vectorial (directional) ET towards a reaction site for photovoltaic or sensing 
applications. 
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In conclusion, we have used 2DES to study exciton relaxation dynamics in the prototypical J 
aggregate TDBC immobilized in a gel matrix. We have quantitatively modeled 2DES maps by a 
nonlinear optimization technique incorporating quantum mechanical calculations. Our best fits 
produced a phenomenological dephasing parameter of λ = 8 meV (causing a Lorentzian 
broadening of the linear and nonlinear spectra), a Gaussian diagonal disorder of 22 meV, and an 
off-diagonal disorder characterized by one defect approximately every 10 monomers, normally 
distributed along the chain. We find that immobilization causes strongly non-Gaussian (heavy-
tailed Lévy type) off-diagonal disorder, while diagonal disorder remains Gaussian as in 
homogeneous media. Immobilization therefore causes a static segmentation of the one-
dimensional chains. The resulting inter-segmental ET causes a long lasting excitation memory 
which can be exploited for optoelectronic applications.  
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Experimental and Computational Methods:  
Sample preparation. TDBC is the sodium salt of 1,18-diethyl-3,38-bis~4-sulfobutyl-5,58,6,68-
tetrachloro-benzimidazolo carbocyanine, which forms linear J aggregates in aqueous solution.17 
Immobilized TDBC J aggregates were prepared in a gel matrix at a TDBC concentration of about 
4.5% weight. Details are found in ref (35). 
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Two-dimensional electronic spectroscopy. 2DES was performed in the partially collinear pump-
probe geometry36 using visible pulses generated by a non-collinear optical parametric amplifier 
(NOPA)37 pumped by 100-fs, 800-nm pulses at 1 kHz repetition rate from a regeneratively 
amplified Ti:Sapphire laser (Coherent Libra). The NOPA pulses are compressed to 8-fs duration 
by multiple bounces on chirped mirrors and used both for excitation and detection. A collinear 
phase-locked pump pulse pair, delayed by the coherence time t1, is generated by a passive 
common-mode birefringent interferometer38 based on a sequence of -barium borate wedges and 
plates. The dispersion introduced by the interferometer is compensated by an additional pair of 
chirped mirrors placed on the pump beam path. Details on our 2DES setup are reported in 
ref.(39). 
Numerical model. We use the Frenkel exciton Hamiltonian to calculate all available excitons of 
the one- and two-exciton band of the J aggregate. We first tune our aggregate model by fitting the 
linear absorption spectrum, varying the parameters modeling disorder. Using the parameters 
from the best fit of the linear spectrum, we then calculate nonlinear excited state spectra 
considering only Liouville pathways not involving ET. In a final step, we fit the obtained time-
dependent exciton density distribution to a rate equation model to find the transfer matrix.  This 
combination of approaches gives us the unique possibility to trace back the experimentally 
measured exciton dynamics to the characteristics of the aggregate that are described by the 
system Hamiltonian. The detailed fitting procedure is given in the Supporting information. 
ASSOCIATED CONTENT 
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and 2DES maps, (C) Comparison of models, (D) Complete results of global fitting, (E) Pump 
intensity dependence, (F) Details of Experimental Method. 
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